Survival rates vary dramatically among species and predictably across latitudes, but causes of this 28 variation are unclear. The rate of living hypothesis posits that physiological damage from metabolism 29 causes species with faster metabolic rates to exhibit lower survival rates. However, whether increased 30 survival commonly observed in tropical and south temperate latitudes is associated with slower metabolic 31 rate remains unclear. We compared metabolic rates and annual survival rates across 46 species that we 32 measured, and 147 species from literature data across northern, southern, and tropical latitudes. High 33 metabolic rates were associated with lower survival but latitude had substantial direct effects on survival 34 independent of metabolism. The inability of metabolic rate to explain latitudinal variation in survival 35 suggests 1) that species may evolve physiological mechanisms that mitigate physiological damage from 36 cellular metabolism, and 2) a larger role of extrinsic environmental, rather than intrinsic metabolic, causes 37 of latitudinal differences in mortality. 38 39 Key words: physiology, adult survival, metabolism, life history theory, latitude, pace of life 48 telomere dynamics) may coevolve with metabolic rate (Brand 2000; Monaghan & Haussmann 2006; 49 Hulbert et al. 2007; Costantini 2008; Salin et al. 2015; Skrip & Mcwilliams 2016; Vagasi et al. 2018). 50 Furthermore, survival rates may be unrelated to the accumulation of physiological damage entirely. 51 Extrinsic sources of mortality, such as harsh weather or predation, may be more important in shaping 52 variation in survival. Consequently, whether metabolic rate explains variation in adult survival across 53 species remains unclear (Costantini 2008). 54 Comparative studies show that metabolic rate is negatively correlated with maximum observed 55 lifespan (MLS) in birds and mammals at broad taxonomic scales (Trevelyan et al. 1990; Hulbert et al. 56 2007). However, the overriding influence of mass on both lifespan and metabolism obscures the 57 independent effect of metabolic rate on lifespan in such studies (Speakman 2005). Moreover, other 58 comparisons raise questions about this relationship. Bats and birds have higher metabolic rates but are 59 longer-lived than terrestrial mammals of similar size, suggesting that metabolism and lifespan can be 60 decoupled, at least across broad taxonomic groups (Holmes & Austad 1995; Holmes et al. 2001; Munshi-61 South & Wilkinson 2010). Furthermore, measurements of MLS represent exceptional rather than an 62 average across individuals and are sensitive to variation in sample size, recapture probability and quality 63 of record keeping (Krementz et al. 1989; Promislow 1993). In addition, MLS is often based on captive 64 individuals that are well-fed and isolated from disease, predation and other extrinsic sources of mortality 65 that are ubiquitous in wild populations (i.e. de Magalhães & Costa 2009). Direct estimates of annual 84
INTRODUCTION

41
Adult survival rate varies extensively among species and is a major influence on fitness, demography and 42 life-history evolution (Ashmole 1963; Stearns 1977; Promislow & Harvey 1990; Martin 2015) . The rate 43 of living hypothesis has been proposed as a physiological mechanism underlying variation in survival 44 rate. Production of damaging reactive oxygen species (ROS) from metabolism is thought to cause greater 45 oxidative damage and shorter life (Pearl 1928; Harman 1956; Balaban et al. 2005; Brys et al. 2007;  46 Monaghan et al. 2009 ). Yet, metabolism may be decoupled from senescence because mechanisms to prevent or repair damage (e.g. endogenous antioxidants, mitochondrial membrane composition and 4 survival rate are not susceptible to these issues.
67
Adult survival rates vary substantially across latitudes with tropical species generally exhibit 68 higher survival rates than south temperate or especially north temperate species. Yet evidence that 69 metabolic rate underlies variation in adult survival across latitudes is mixed. For example, lower 70 metabolic rates have been found in tropical songbirds (Wikelski et al. 2003; Wiersma et al. 2007;  71 Londoño et al. 2015) and because tropical species are generally longer-lived than temperate relatives 72 (Sandercock et al. 2000; Martin 2015; Martin et al. 2017) , this pattern has been interpreted as evidence 73 that metabolic rate and adult survival are causally linked. However, other studies found no difference in 74 metabolic rates across latitudes in either adult birds (Vleck & Vleck 1979; Bennett & Harvey 1987) or 75 embryos (Martin et al. 2013) . Furthermore, using latitude as a proxy for survival rate is problematic 76 because survival rates vary extensively among species within latitudes that yield overlap among species 77 between latitudes (reviewed in Martin et al. 2017) . Metabolic rate and adult survival appeared to be 78 negatively correlated across latitudes in songbirds in one study (Williams et al. 2010) . However, methods 79 used for estimating survival rates differed between latitudes, which can obscure patterns across sites 80 (Martin et al. 2017) , and site effects were not included in a statistical test. Within sites, metabolic rate is 81 sometimes negatively linked to adult survival probability (Scholer et al. 2019 ) and sometimes unrelated 82 (Bech et al. 2016) . Ultimately, studies that directly compare metabolic rates with robust estimates of adult 83 survival from wild populations are needed.
Study species
Passerine birds (songbirds) are a good group in which to examine these issues. Passerines are diverse (~ large interspecific variation in both metabolic rate (McKechnie & Wolf 2004; Wiersma et al. 2007;  96 Londoño et al. 2015; McKechnie 2015) and adult survival probability (Johnston et al. 1997; Sandercock 97 et al. 2000; Martin 2015; Martin et al. 2015 Martin et al. , 2017 
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We measured RMR using an open-flow respirometry system similar to that described in Gerson et al. 123 (2015) . We used 2 L and 5 L transparent plastic containers (Rubbermaid, Atlanta, GA, USA) as metabolic 124 chambers, depending on the size of the study species. These containers were modified to include incurrent 125 and excurrent air ports, with wire mesh platforms and plastic perches to allow the subject to rest 126 comfortably. The bottom of the chamber contained a 2cm layer of mineral oil to trap moisture and gas 127 associated with feces. Containers were placed inside a large cooler, which was modified to hold an 128 integral peltier device (model AC-162, TE Technology, Traverse City, MI), connected to a temperature 129 controller (Gerson et al. 2015) to regulate chamber air temperature. Incurrent air was provided by a high 130 capacity pressure/vacuum pump (model DAA-V515-ED, Gast Manufacturing, Benton Harbor, MI, USA), 131 and was routed through a coil of copper tubing prior to entering the inner chamber to facilitate rapid 132 temperature equilibration. Air flow rates were regulated by mass-flow controllers (Alicat Scientific, 133 Tucson, AZ) with an accuracy of < 2% of the reading and their calibration was checked annually against a 134 factory five-point calibration Alicat mass flow meter used only for this purpose. Flow rates were varied 135 from 2-15 L/min depending on temperature and mass of the study species. Incurrent and excurrent air 136 were both subsampled at rates between 250 and 500 ml/min and CO 2 and H 2 O were measured using a 137 portable gas-analyzer (LI-COR model LI-840a, Lincoln, NE, USA) zeroed and then spanned against a gas 138 with a known CO 2 concentration (1854±0.2 ppm). These data were sampled every second and recorded 139 using Expedata (Sable Systems, Las Vegas, NV, USA).
140
Humidity of incurrent air was regulated using a dew-point generator constructed of three Nalgene 141 bottles connected in series. Air was bubbled through water in the first two bottles, and the third was empty 142 and served as a water trap. The entire device was then submerged in a water bath kept at approximately 143 10°C by the addition of small ice-packs. This device prevented rapid fluctuations in humidity due to either 7 ambient air temperature or ambient humidity and also prevented condensation occurring in the system. By 145 adjusting water bath temperature and incurrent air pressure, we maintained relative humidity between 50 146 and 70%, which is within the range of normal conditions at both sites during the breeding season.
147
Each individual was sampled at multiple temperatures as part of a concurrent study of thermal 148 tolerance. We subsetted data for analysis by selecting the longest continuous period of resting behavior 149 after chamber temperature had reached equilibrium for at least 30 minutes. Subject activity was monitored 150 in real-time via an infrared security camera connected with an external LCD screen. If no period of 151 complete rest greater than two minutes was observed, no data were analyzed for that temperature. We 152 pooled measurements from 27, 30, and 33°C, which are within the thermoneutral zone of most passerines 153 (McKechnie & Wolf 2004; McNab 2009 ) and selected the lowest measurement for each individual as 154 RMR.
155
We corrected mass flow rates of humid air, and calculated CO 2 and H 2 O production using 156 equations in Lighton (2008) . Metabolic rate (W) was calculated as in Walsberg and Wolf (1995) . CO 2 157 production was converted to metabolic energy using a respiratory quotient (RQ) value of 0.71, as 158 suggested for post-absorptive, non-granivorous birds (Gessaman & Nagy 1988).
159
Literature data
160
We compiled basal metabolic rate (BMR) data from the literature, drawing primarily from four 161 manuscripts that use large BMR datasets to investigate allometric and latitudinal variation in avian BMR 162 (McKechnie & Wolf 2004; Wiersma et al. 2007; Londoño et al. 2015; Bech et al. 2016) . Estimates of 163 annual adult survival probability were compiled by searching the literature, and were greatly aided by 164 manuscripts containing large literature (Martin 1995; Martin & Clobert 1996) 
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We used simple linear regression to examine the expected allometric relationship between species 178 mean body mass and metabolic rate for both field RMR and literature BMR datasets. We log-transformed 179 RMR (W), BMR (W), and body mass (g).
180
We used phylogenetic path analysis (PPA) to examine the causal relationships between mass, 181 metabolic rate, apparent adult survival, and latitude (Hardenberg & Gonzalez-Voyer 2013). PPA uses the 182 d-separation method to test the plausibility that a causal model created the observed data and to compare 183 the relative support of mulitple models. We developed six possible models ( Fig. 1 ) that varied in the 184 depictions of how latitude and metabolic rate influence survival and how latitude influences metabolic 185 rate. We tested the conditional independencies of each model using phylogenetic least-squares regression 186 (PGLS), implemented in the package 'ape' (Paradis et al. 2004; Popescu et al. 2012) . We then tested the 187 plausibility of each causal model using Fisher's C statistic. We used the C statistic Information Criterion 188 with a correction for small sample sizes (CICc) to rank and compute the probability of each causal model 189 given the data and the candidate model set (CIC weight). We then used model averaging to estimate 190 standardized path coefficients for all plausible models (p > 0.05; Anderson et al. 2000; Hardenberg & 191 Gonzalez-Voyer 2013). We log-transformed RMR (W), BMR (W), and body mass (g). We followed 192 identical procedures for analysis of both our field RMR data and literature BMR data. Table 1 ). Similar to our field data, body mass 217 explained extensive variation in metabolic rates (R 2 = 0.86, P < 0.01, Fig 2B) . The allometric scaling 218 exponent was 0.66, nearly identical to our RMR estimate above. Four models could have plausibly 219 created the observed BMR and survival data from the literature (Fig. 1, 3B ). Among these, a direct effect 220 of latitude on adult survival was strongly supported (CICc weight = 1.0). A negative relationship between BMR (CICc weight = 0.463). Adult survival declined with BMR and was higher in tropical and south 223 temperate species than north temperate relatives after accounting for BMR ( Fig. 2D, 3B ). BMR was 224 slightly lower in tropical and south temperate species than in north temperate species (Fig. 2D, 3B ).
225
RMR was 14.7% higher than BMR (P < 0.01), but the allometric relationship between mass and 226 metabolism did not differ for (RMR) and basal (BMR) metabolic rates (P = 0.51, Fig. 7 ). agreement between the two datasets. In particular, the results suggest that metabolic rate is associated 235 with adult survival, but most of the variation in adult survival probability among latitudes is independent 236 of metabolic rate (Fig. 2, 4) . Our results provide some support for a possible role of the rate-of-living 237 hypothesis within latitudes. However, more significantly, our results parallel those of comparisons across 238 taxonomic groups (i.e., Holmes & Austad 1995; Holmes et al. 2001; Munshi-South & Wilkinson 2010) in 239 suggesting that metabolic rate is not the primary driver of broader global patterns of survival probability.
240
We found that while metabolic rates were reduced in tropical compared with north temperate 241 species, results were mixed when comparing south temperate to north temperate species ( Fig. 2A-B, 3 ). Consideration of metabolism and survival in south temperate regions has been limited (but see 249 Bech et al. 2016) . However, inclusion of this region provides critical additional insight. Our field dataset 250 indicated higher resting metabolic rate in South African species compared with Arizona, but support for 251 the significance of this relationship was relatively weak (Fig. 3A) . Nonetheless, the resting metabolic 252 rates do not fit the pace-of-life hypothesis given that the Southern African species have substantially 253 higher survival rates than Arizona species (Peach et al. 2001; Lloyd et al. 2014) . In contrast, BMR was 254 reduced in south temperate compared with north temperate species based on literature data (Fig. 3B) 
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Latitudinal variation in avian mortality rates may be driven primarily by differences in extrinsic 262 mortality probability. Extrinsic mortality is thought to account for 80-95% of all mortality for birds with 263 total annual mortality rates similar to those in our study (Ricklefs 1998) . Thus, variation in extrinsic 264 mortality is likely to have a much larger effect on total mortality rates than intrinsic physiological 265 differences. However, reduced metabolic costs to survival should be favored in populations with low 266 extrinsic adult mortality, meaning extrinsic and intrinsic mortality rates should be correlated (reviewed in 267 (Charlesworth 1994 (Charlesworth , 2000 . Indeed, actuarial (Promislow 1991; Ricklefs 1998 Ricklefs , 2000 and experimental 268 (Stearns et al. 2000) studies across taxa suggest intrinsic mortality rate increases with extrinsic mortality 269 rate (e.g. weather, predation). However, the proportion of deaths from intrinsic sources are greater when 270 overall mortality rates are low, suggesting that adaptations to slow the rate of aging are limited, such that 271 extrinsic and intrinsic rates may become increasingly decoupled as extrinsic mortality declines (Ricklefs when extrinsic mortality is very high. Ultimately, high adult mortality rates in temperate birds may reflect 275 high rates of extrinsic mortality imposed by abiotic factors (MacArthur 1972 ) that better explain 276 latitudinal differences in survival (Martin 2002 (Martin , 2015 Martin et al. 2015) .
277
The absence of a strong relationship between metabolic rate and adult survival across latitudes 278 does not discount the possibility that physiological damage from cellular metabolism contributes to adult 279 survival rates and life-history tradeoffs. On the contrary, a causal relationship between metabolism and 280 survival was supported ( Fig. 3) (Fig. 4) , and with measures of total energy expenditure across species 297 (Daan et al. 1990; Auer et al. 2017) , making BMR and RMR reasonable but imperfect proxies for total 298 energy expenditure. Future studies should examine the relationship between FMR and adult survival 299 within and across latitudes.
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